Introduction
Interrelations of the various elements involved in the absorption of minerals by green plants are among the major problems in plant nutrition. Many types of investigation have been carried out and there is available a vast literature on the effect of one ion on another, the differential absorption of ions in single salt solutions, and the accumulation of individual ions. The general effect on absorption of limiting one element has been given some attention, and during the past few years has been under invesljgation in this laboratory.
The experiments reported in this paper are concerned with the effects of limiting individual elements on the relative absorption of other elements, anion and on the general c ti°b alance in the wheat plant.
There are a number of published results dealing with other phases of nutrition which could be recalculated to yield data of the same type as those discussed in this paper. There are some which have a direct bearing on the present discussion, and while no attempt at a complete review has been made, a brief summary of some of these findings is given.
A comprehensive report of the work of LUNDEGARDH and his associates is given in a monograph by LUNDEGARDH (8) . It is impossible to mention many of the individual results, but interrelations of many important nutrients under conditions of limited supply of one or more of them could be calculated from the data presented. Unfortunately, the nitrogen results are anion not included, so that the calculation of cation ratios is impossible. The interrelations discussed by LUNDEGARDH are chiefly those among the cations. Increased absorption of calcium, magnesium, and sodium was observed under conditions of limiting potassium supply, but phosphorus (the only anion studied) was not affected. Little or no consistent variation was noted in the ratio of magnesium to calcium. When nitrate was limited there was no apparent effect on phosphorus, but the potassium content of the plants was much reduced.
The question of absorption and interrelations of nutrients has been further discussed by LUNDEGARDH (9) . Many of the cation interrelations are discussed, and particular attention is drawn to the antagonisms which may exist, and to the effect of one nutrient in modifying the concentration of another within the plant under various conditions of external concentration.
Interrelations of pairs of elements have received considerable attention at the Research Institute of Plant Physiology of the Imperial College (3). The limitation of chemical analyses to the two elements under investigation restricts the comparison of these with our results; but the effect of gradual reduction of one or both elements on the uptake and distribution of the two is of interest. A discussion of the detailed results is out of the question here. It should be mentioned, however, that GREGORY considers that, at low concentrations, the absorption of an element is largely dependent upon its external concentration.
Many examples of interrelations are to be found in the literature. DIKUS-SAR (2) reported that when nitrogen was supplied in the form of ammonium there was a depression of the absorption of other cations, the effect being particularly noticeable with potassium. At the same time the absorption of phosphorus was increased. Supplying nitrogen as nitrate increased the absorption of cations and depressed that of phosphorus. The effect of ammonium in depressing the absorption of calcium by tobacco was shown by JACOBSON and SWANBACK (6) . It was also demonstrated (14) that when magnesium sulphate was added to a medium previously without magnesium, there was a reduced absorption of potasium and calcium, the latter being forced out into the solution. Many workers have found that phosphate fertilizers increase the phosphorus, and often decrease the nitrogen content of plants. CHAPMAN (1) reported that a nitrogen deficiency caused phosphorus to accumulate in the plant even when the soil was low in phosphorus.
The relations of anions and cations in movement of solutes within the plant are discussed by JACQUES (7). He found a consistently higher equivalent concentration of cations than of anions, but he does not include nitrogen in his calculation of anions.
The uptake of five of the principal elements by lucerne (12) and corn (13) has been studied by RADU. A large number of molecular ratios are presented, but these are all for plants grown under similar conditions. Although the magnitude and trend of some of the ratios are quite different for the two types of plants, there is a marked similarity in the ratio of total anions to total cations. This similarity is also exhibited by results reported by STEPHENSON (15) . The mean anion ratio for grasses was much thy cation same as for legumes despite marked differences in nitrogen and calcium content, and consequently in ratios between pairs of individual nutrients.
Material and methods Five series of wheat plants, all but the first having been grown in water cultures, are considered in this paper. The details of production, collection, and analysis of most of the material have been described elsewhere, so only a brief description of each series is given here. Unless otherwise stated, the plants were grown during the spring and summer. Except for series I, where only the above-ground parts were analyzed, results are for the whole plant.
Series I was grown under field conditions in 1934. The material designated "complete" in the results was grown at Edmonton on fertile black loam soil, and that designated "limiting nitrogen and sulphur" was grown at Fallis, 50 miles west of Edmonton, on relatively infertile gray podsolic loam. Analyses were made on eight individual replicates of each of two varieties of wheat grown on the two soils. Details are given by WOODFORD and McCALLA (17) . The values given in this paper are means for the two varieties.
Series II was grown in water cultures in 1936, and included "complete" and "limiting nitrogen" (-1 complete) solutions. All (10) .
Series V was grown in water cultures in 1936 and included "complete" and "limited calcium" (-1 of complete) solutions. The reduction in calcium was compensated by an equivalent increase in potassium. Duplicate analyses were made at five stages of maturity. The same general procedure was used in production, and the same methods of analyses as for series II.
For all the material grown in water culture, the complete solution used was Hoagland (10, 11, 17) , and for the purpose of the present discussion are unnecessary.
In calculating the ratios, two assumptions had to be made. The first was that nitrogen is absorbed as an anion, and, except for the first experiment, this is the only justifiable assumption, since all nitrogen was supplied as nitrate. While this is not proof that it is absorbed as such, it seems certain that nitrate was absorbed in large quantities, because it formed an appreciable proportion of the total nitrogen of the complete culture plants at all stages, and over 50 per cent. of the nitrogen in the leaves and stems at maturity. The field-grown material of series I also contained small amounts of nitrate, and since the various ratios in field-and culture-grown material were much alike, it was assumed the nitrogen was absorbed as nitrate. The second assumption was that phosphorus is absorbed as a divalent anion, an assumption which is possibly not as sound as the first. The reason for this assumption was that in all earlier culture experiments the pH of the solutions very rapidly reached and was maintained at approximately 7.2. At this pH more phosphate is in the form of HPO4= than in the form of H2PO4-. An accurate allowance for the two forms was impossible, since there were differences in pH from time to time and from culture to culture. If it had been assumed that the absorption of phosphorus took place as the univalent H2PO4-the results and conclusions would have been only slightly affected by this change in procedure. In only one specific instance (series III) was a marked difference in the pH of different solutions found, and this is discussed in its place.
The term "limiting" is used in this paper because the effects of moder-/ The most striking feature of the results is the low nitrogen and sulphur content and the correspondingly higher phosphorus content of the wheat grown on the podsol. All cations were lower in the plants with limited nitrogen and sulphur, but there was no indication that any of these, except possibly calcium to a slight extent, was limiting development. This is more clearly seen from the ratios in figure 1. The limited uptake of nitrogen and sulphur in relation to phosphorus is clearly evident in these graphs. It is evident also that sulphur was slightly more limiting than nitrogen.
The ratios involving cations show that there was no marked difference in the proportion of potassium, calcium, and magnesium taken up from the two soils. Thus, although all cations were lower in the plants grown on the podsol, this lower level was apparently more closely related to the reduction of total anion absorption than to any relative deficiency in cation supply.
Despite the relatively large differences in nitrogen, sulphur, and phosphorus, the total ation balance in the plants grown on order to eliminate the differences in level of yield from the various treatments. The relative relationship would be unaltered by plotting weights instead of percentages.
The absorption of nitrogen and phosphorus was roughly parallel to the concentration supplied in the culture solution, especially in the limiting nitrogen cultures. Calculations of the actual milligrams of nitrogen and phosphorus absorbed shows that under no treatment was the absorption of the limited element reduced to a level corresponding with the reduction in concentration supplied; nor was the absorption of the element in excess increased to a level corresponding with the increase in concentration. Furthermore, while the concentration of nitrogen in the low phosphorus solutions was higher than in the complete, the absorption was definitely less. In the plants grown in these solutions the ion balance was maintained by decreased cation absorption, so concentration could have played little part. of development only, and are for two sets of plants as described in the seetion on material. In general, the percentage results were higher for the 31-day-old plants of the first set than for those of the second, but the ratios are, for the most part, in excellent agreement, and indicate that the error of culture technique was relatively low. The limitation of potassium resulted in an increased relative absorption of both calcium and magnesium, but the proportions of the two divalent cations was unaffected. These results are in agreement with those already cited (14) and with those of HOAGLAND (4), who points out that very few cases of interrelations between potassium and magnesium have been reported.
While the npthoges ratios were irregular over the period of the experiphosphorus ment, there was little if any significant difference as a result of potassium limitation. In this series, as in series II and III, the nitrogen ratios phosphorus were much lower than those found under field conditions. While tap water was used in making up these solutions, the only anion whose concentration was appreciably increased by this procedure was sulphate, which was constant for the different solutions.
The relations between anions and potassium, anions and calcium and magnesium, and anions and total cations again emphasize the tendency for the . balance in plants growing under restriction of one nutrient to be cation maintained by increased absorption of other ions of the same sign. The difference between the two curves for anion ratios might have been much cation less had sodium been determined. Sodium was present in the tap water, and although it appears that the normal, completely nourished wheat plant absorbs comparatively little sodium (5, 8), one limited as to potassium supply may decidedly increase this absorption (8) .
Series V. Limiting calcium under culture conditions A summary of the analytical results for series V is presented in table VI, and the equivalent ratios are given in figure 5 . The limitation of calcium resulted in increased relative absorption of both potassium and magnesium, with the increase in magnesium considerably the greater. Sodium did not enter the cation balance of this series because distilled water was used in all solutions.
The limitation had no effect on the nitrogen ti Th anion ratios phosphorus calcium were much higher for the plants limited as to calcium than for the complete, Discussion Most of the material used in this study was produced for purposes other than those discussed, and while the experiments reported in this paper deal with absorption and interrelations of various nutrients, it is recognized that they have little in common with the precise, short-period absorption experiments carried out by STEWARD (16) and others. There is here no possibility of dealing with absorption as distinct from growth. Obviously, most of the nitrogen, a large part of the phosphorus and sulphur, and some part, at least, of the cations determined, are in metabolized form. The results as here reported give the total absorption over definite periods, and as such reflect the interrelations of the various nutrients regardless of the exact mode of absorption, or the external and internal factors affecting this Under conditions of growth which were similar, except for the mineral nutrition, there was a consistent tendency toward a maintained balance between anion and cation absorption. In all except the field-grown series I, the plants receiving different treatments were grown together under the same conditions of light, temperature, etc.
The ion balance was always decidedly in favor of the anions, regardless of the nutrition of the plant. This balance is directly the opposite of that discussed by JACQUES (7), and the difference is, of course, accounted for by our inclusion of nitrate in calculating the ratios. In this work the interest is in the uptake of nutrients from the soil, while JACQUES discusses the movement from cell to cell within the plant. While a complete discussion of this question is out of order here, it must be stated that we cannot accept the reasoning of JACQUES, particularly if this is extended to the absorption of nutrients from the soil. Nitrogen cannot be neglected in absorption, nor can absorption from the soil be assumed to take place as equal amounts of N03-and NH4+. It is sufficient to say, perhaps, that it is difficult to reconcile the presence of nitrogen-containing organic acids and the coincident movement of a strong hydroxide at the pH's which JACQUES regards as obtaining in the cells under discussion. The argument that nitrogen is present in higher equivalent concentration than the total cations is in agreement with most of our results; but ion exchange, which is casually dismissed by JACQUES, may account for the preponderance of anions over cations. As already mentioned, our results do not permit the drawing of any conclusions regarding mode of absorption, but in any case, the reasoning of JACQUES as applied to absorption by higher plants does not make adequate provision for the uptake of nitrogen.
The other definite result obtained is the effect of a limiting nutrient in increasing absorption of another ion of the same sign or in decreasing the total absorption of ions of the opposite sign. If nutrients were absorbed independently, or if cations had no effect on anions, there seems to be no good reason why the limitation of nitrogen, for example, should be so consistently accompanied by increased absorption of phosphorus or decreased cation absorption. The The fact that more phosphorus was absorbed from solutions made up in distilled water than from soil, could scarcely be a concentration effect since the nitrogen ratio in the solutions was much higher than in the soil.
phosphorus Similarly the increased phosphorus absorption by plants as a result of nitrogen limitation in series II was not proportionately greater than the increase in sulphur absorption, despite the fact that the external phosphorus concentration had been increased to more than eight times that of the complete solution, while the sulphur concentration was unchanged.
The absorption of calcium and magnesium was increased by limitation of potassium in series IV, the increases being proportionately the same, although only calcium concentration was increased in the solution. Magnesium absorption was increased more than that of potassium when calcium was limited in series V, although only potassium concentration was increased.
In all of these experiments, the concentration of any element in the complete solution was probably sufficient to give maximum absorption, and therefore increases in absorption as a result of increased concentration in the solution would not necessarily be expected. The increased absorption under these conditions, the fact that the increase was not confined to the ani6n element in excess, and the fairly constant a balance are all evidence in favor of the compensation rather than the concentration effect.
In all series involving a limitation of nitrogen there appears to be an accompanying decrease in calcium absorption. In series IV, however, the relatively enormous increase in calcium absorption is accompanied by a somewhat decreased nitrogen uptake. In series V, the limitation of cal-cium had little effect on nitrogen uptake, so the apparent relationship between the two nutrients, as indicated by series I to III, seems open to question. In series I and II, in which nitrogen uptake was limited, the decrease in calcium was only slightly greater than that in potassium absorption; while in series III the uptake of calcium was retarded by limitation of both nitrogen and phosphorus. Apparently only by studying the effect of the two elements at the same time can reliable conclusions regarding interrelations be obtained, and some such system as that used by GREORY and his students (3) appears to offer the best means of studying specific pairs of elements. Such systems would yield excellent material for studying the effect of limitanion ing nutrients on the total ation balance providing analyses .were extended to include all of the principal elements involved in absorption. Such studies are now being carried out in this laboratory. Because all the apparent interrelations between pairs of elements not definitely under investigation in this work are subject to the same limitation as those between nitrogen and calcium, no others are considered. Summary 1. Limiting the supply of one nutrient resulted in an increased uptake of another nutrient absorbed as an ion of the same sign, or in a decreased total uptake of the nutrients absorbed as ions of the opposite sign.
2. When nitrogen was limiting, the effect was chiefly felt in increased phosphorus absorption, although there was also increased sulphur absorption in some series. In one particular series of graded nitrogen and phosphorus supply, the increased phosphorus absorption resulting from limiting nitrogen supply was fully equivalent to the decreased nitrogen uptake.
3. Limiting potassium was accompanied by increased absorption of both calcium and magnesium. Limiting calcium was accompanied by relatively increased absorption of potassium and magnesium and slightly decreased absorption of anions. 4 . Despite relatively enormous differences in ratios of individual nutrients as a result of limiting one, there was a marked tendency toward a maintained balance between total anions and cations. This balance was always in favor of the anions. DEPARTMENT 
